Measurements and analyses are presented of the backscattering of 420-kHz sound by 43 individual animals of representative zooplanktonic and micronektonic taxa. Direct measurements of an individual's target strength were made with a commercial dual-beam sonar system in an enclosure filled with filtered seawater deployed off a dock at Friday Harbor, Washington. The dependence of target stengths upon individual length, wet weight, and dry weight was investigated. In addition, the target strength and statistical variations of echo amplitude due to variations in shape and orientation of the organism were compared with acoustic scattering models involving different shapes (the general shapes of the sphere, and straight and uniformly bent finite cylinders were used along with attempts to take into account roughness). It was found that: ( 1 ) backscattering cross sections are proportional to volume of the organisms rather than area as would be predicted by a sphere scattering model, (2) mean target strength based on average backscattering cross section is best described by the bent cylinder model whose modal series solution is truncated, and (3) the fluctuations of the echo amplitudes are well described by the Rice probability density function whose shape parameter is related to the randomly rough straight cylinder model. These extensive studies showed conclusively that the elongated animals scattered sound more like elongated targets than spherical ones, thus demonstrating the need for models more sophisticated than the spherical ones routinely used to date. The data and model analyses provide a basis for devising future acoustical data acquisition and processing techniques for bioacoustical field studies.
and Wiebe, 1988; Greene et al., , 1989a have chosen to adopt a second simpler method, developing an approach that involves use of the dual-beam technique.
The dual-beam technique was developed in the 1970's for survey applications in fisheries research (see review by Ehrenberg, 1989 ). Subsequent refinement of the technique has made it feasible for investigators to resolve and analyze echoes returning from individual animals as small as zooplankton (Richter, 1985a; Greene et al., 1989a) . This capability has made it possible to directly estimate in situ the acoustical size distribution of a zooplankton and micronekton assemblage. When the results of such an analysis are combined with the results from an echo integration analysis of the corresponding volume-backscattering data, estimates of numerical abundance and biomass concentration can be apportioned into different acoustical size classes (Greene et al., 1989a; Greene and Wiebe, 1990) .
In this article, we present results from a more extensive analysis of experimental data collected in 1987 and reported upon previously (Greene et al., 1989a) . The data were derived from an experiment conducted with a dual-beam acoustical system and designed to establish the relationship between the acoustical target strength (TS) of a variety of common zooplanktonic and micronektonic taxa and their length and biomass. These data represent the first extensive set of sound-scattering measurements made on living individuals of these taxa and can help interpret or "calibrate" field sonar-echo data in terms of size frequency distribution of the organisms. Our empirical results are analyzed in the context of recent theoretical studies of zooplankton sound scattering (Stanton 1989a; 1989b) and field studies of zooplankton and micronekton ecology using multiple-frequency and dual-beam acoustical techniques.
I. METHODS
The acoustical experiments were conducted at Friday the experiments the ping rate was 30 pings/s. Depending upon the background noise in the enclosure, this usually resulted in 100 to 1000 independent echoes for estimating TS characteristics. For several of the larger crustaceans, two or three experimental runs were made with the animal in different orientations. Typically, during the first run, the animal's orientation was ventral towards the transducer, and during the second run, the orientation was dorsal towards the transducer. For smaller crustaceans, the orientation during a run Fifty-two sets of target strength data were acquired on 39 different individual crustaceans including amphipods, copepods, decapods, euphausiids, and mysids (Table III) . I  9  10  24  20  24  I1  2  I  2   I  6  15  27  29  40  63  39  22  21  3   5  8  39  37  75  123  150  132  75  6   I  I  7  16  43  210  823  609  244  30   I  !  7  11  27  28  21  13  10  6   1  2  5  12  13  28  34  32  9  5  1   4  23  48  46  58  30  13  4   3  9  24  14  25  25  6  8  2   110  408  317  172  51  4   I  4  5  14  12  27  33  18  12  2   4  7  25  65  102  121  23  I   30  129  231  230  224  73  5   2  2  38  202  788  986  150   2  5  10  24  55  156  381  331  210  62  4   48  91  121  86  92  33   2  0  6  4  9  21  49  73  121  125  48  8  2   3  31  95  190  195  369  428  110  I   12  85  245  116  6  I   14  96  168  70  14  6  6  2   9  29  85  87  119  90  43  19   19  60  82  24  16  1   3  35  122  229  268  346  672  259   1!  34  63  94  139  216  294  397  277  139  17  2  3   2  6  19  16  38  63  67  105  216  330  284  265  90  44   3  11  49  80  127  160  138  113  30  15   8  33  122  224  211  51   3  15  31  85  124  184  231  219  142  6   6  49  86  139  234  305  178  52  5   5  17  45  83  88  119  140  99  4   2  15  66  211  693  I10   12  50  167  296  477  516  438  229  42   IO  78  251  319  348  280  74  22   2  15  28  38  69  189  169  138  112  47  II   2  13  67  155  262  328  179  80  18 When presented as target strengths, a majority of the backAverage TS measurements were used with the 1ogarith-scattering data appeared Gaussian, and therefore, paramet-mic transformations of the various measures of individual tic statistics were used to describe dispersion about the size (length, wet weight, dry weight, and ka-- ble V). The relationship between TS and dry weight exhibited the strongest correlation, i.e., exhibited the lowest variance, followed by wet weight and kay, and then length. The slopes estimated by these procedures imply that backscattering cross section increases with the volume of the animal rather than its cross-sectional area. The consequences of this relationship in distinguishing between alternative theoretical scattering models will be discussed below. The average target strengths for the four gelatinous animals (Table III) Hence considerable ping-to-ping variability was observed (Table III viduals, the orientation was reversed, i.e., during the first set of observations the animal was ventral towards the transducer and for a second set, it was dorsal towards the transduccr; these frequency distributions are presented separately (Table III) .
We have examined this variability by comparing the ob- (Table IV) was used while "y"
(from the notation of Clay and Heist, 1984, which is equal to the ratio of coherently scattered power to incoherently scattered power and describes the shape of the PDF) was determined by iteratively finding the value that minimized the sum of squares of the differences between the observed and theoretical PDF values (Table VI) In all cases, the theoretical Rice PDF fit the observed frequency distributions better than did the normal PDF. However, since most distributions were bell shaped, the improvement over the normal in most cases was small. The Rayleigh PDF typically did not fit the observed distributions nearly as well as the other PDFs.
It is not surprising that the Rice PDF provided the best fits since, as mentioned above, it is the most general of the three PDFs. Another advantage of using the Rice PDF as the statistical model for ping-to-ping variation off of a single individual is that, unlike the normal PDF, the distribution is bounded on the lower end by zero, i.e. the echo amplitude will never be negative.
Echo amplitude distributions varied considerably from animal to animal; several examples are illustrated in Fig. 4 . Rice PDFs, which were fit to the data by use of the leastsquares method described earlier, are superimposed upon these distributions and also are summarized in a separate panel. The Rice PDFs are shown to fit the data reasonably well indicating not only that the Rice PDF is a good descriptor of the echo fluctuations, but also that the sound scattering by the animals was exhibiting unimodal behavior. The fitted Rice PDFs were found to be narrowest (high y) for the smallest animal and the widest (low y) for the largest animal. This trend is duc to the fact that, for a given change in animal orientation or shape, variations in phase of the echoes from individual sections of an animal will be greater for the larger animal. Interference effects due to the phase variations of the Huygen "wavelets" cause fluctuations in the amplitude of the "total" echo. Hence, the larger the animal, the greater the degree of fluctuations in the echo. Later in the paper, we will provide a more detailed analysis of the dependence of these fluctuations on the backscattering cross section and then discuss a method for averaging out these fluctuations during field studies. (Greenlaw, 1977; Richter, 1985a) . The slopes of our regression relationships are virtually identical to those of Richter (1985a) , despite the fact that his regressions were based on preserved animals. These results confirm Richter's (1985a) conclusion that backscattering cross section of zooplankton increases with volume rather than cross-sectional area.
The intercepts of the regression relationships are significantly higher by approximately 5 dB than Richter's (1985a) indicating that preserved animals are weaker acoustical targets than live animals. Richter (1985a) suggested such a relationship based on his limited measurements of live euphausiids. Therefore, we also can confirm his suggestion that preservation reduces an animal's target strength.
In addition to their value in comparisons with previous data, our empirical results have important implications for testing theoretical scattering models and interpreting the results from acoustical field studies. The remainder of this discussion will be devoted to those two topics. Table V even further (i.e., rows 1 and 3 ). Row 1 of Table V.' If one can assume that animal length is proportional to equivalent spherical radius (i.e., that the lengthwise and cross-sectional dimensions of the animals maintain the same relative pro-portions, regardless of length) then for the backscattering cross section to be proportional to volume, the slope of the TS by length regression in row 1 ( left side) of Table V should be 30. If the scattering depends upon cross-sectional area, then the slope should be 20. The empirically derived slope of 31.11 again suggests a dependence upon volume. It is also interesting to note that while the slopes in the length and ka (rows I and 4) are each slightly higher than 30, they are very close to each other, which indirectly verifies the assumption of the length being proportional to equivalent spherical radius. Row 3: Since crustacean dry weight is proportional to wet weight (which is proportional to volume), ideally, for the scattering to depend upon volume, the slope of the TS by dry weight regression of row 3 should be 10. As in the wet weight case, for the scattering to depend upon cross-sectional area, the slope should be 6.7. The regression analysis yielded a slope of 9.68 that is indistinguishable, given the spread of the data, from the volume.dependent scattering prediction.
By making certain assumptions, we can analyze
Because of the overwhelming evidence that the scattering depends upon the volume of a crustacean rather than its cross-sectional area, we must look for more accurate models than the spherical scattering models used to date. In a series of recent papers, Stanton (1988; 1989a; 1989b) found that scattering by decapod shrimp and euphausiids, which are both elongated, could be much better described by a model that assumes a cylindrical shape rather than a spherical one. The relationship between reduced TS and ka predicted by cylinder models matches the shrimp and euphausiid scattering data published by Greenlaw (1977) far better than the relationship predicted by sphere models. The shrimp were best modeled as straight finite length cylinders whose length corresponded approximately to thorax length (Stanton, 1988) . The euphausiids were best modeled as uniformly bent finite-length cylinders whose length corresponded approximately to total length (Stanton, 1989a) . Because of the mathematical complexity of the models, Stanton (1989b) reduced them to simple approximate forms. In addition to the good fit between Greenlaw's data and the cylinder models, the latter also predicted an orientation dependence of the scattering which is what one would expect for the elongate organisms.
In order to investigate the volumetric dependence of the scattering, we use the high-frequency (/ca • 1 ) limits of the sphere and straight cylinder models as given in approximate form by Stanton ( 1989b 
or in terms of TS:
TS = 101og(kR •/4•rB) + 30 log(L),
where the coefficient 30, which is multiplied by the logarithm of length in this equation, should be compared with the empirically derived slope, 31.11, in the TS by length regression given in Table ¾ . Finally, from Eq. (2), we now relate the cylinder scattering model to the equivalent spherical radius using V= (4/3) •ra•:
•r• = BR 2( ka•)3/3•rk 2,
or in terms of TS as follows:
TS = 101og(BR 2/3•rk•) + 30 log(kas),
where the coefficient 30, which is multiplied by the logarithm of kay, should be compared with the empirically de. rived slope, 30.84, in the TS by ka• regressions given in Table   V . (Note that the above equation involving an equivalent spherical radius was based on a cylinder scattering model and should not be confused with the corresponding expression in the next paragraph based on a sphere model.) The above analysis, which was based on the cylinder scattering model given in Eq. (lb), is summarized in the right side of Table V. When repeating the analysis using the sphere model [Eq. (la) ], the target strength can be shown to vary as 20log(kay), 6.7log(V), 20log(LENGTH), 6.7 log(WET WEIGHT), and 6.7 log(DRY WEIGHT). None of these relationships was observed in the regressions given in Table V. Because the slopes of the empirically derived regression relationships given in Table V The linear regression analysis should be considered a "first approximation" to an otherwise very complex problem. As shown in previous papers (Anderson, 1950; Stanton 1988 Stanton , 1989a Stanton , 1989b , the behavior of the backscattering cross section versus ka curve is oscillatory in the ka > 1 region. Thus the linear regression analysis yields a smoothed version of the actual relationship. To look at this problem in more detail, we now investigate the actual scattering models themselves.
We begin with a comparison between the data and scattering models involving several shapes, uniformly bent and straight finite length cylinders and spheres (Fig. 5) There is also an indication of modal interference structure in the data, where the data apparently reproduce the major null predicted by the models at ka = 2. Beyond that null, it is difficult to distinguish any strong structure in the data, although there seemed to be a downward trend in the data near/ca = 5 and an upward trend near the ka = 6.5 peak that are consistent with the structure of the bent cylinder model (modal series solution).
Finally, there are two points to emphasize. First, although the overall characteristics of the data are best described by the truncated bent cylinder model in the left-most plot in Fig. 5 , the overall trend of the data is nearly the same as the trend of the converged straight cylinder model. This explains why the simple mathematical analysis presented earlier in this section compared so well with the regressions to the data summarized in Table V . The variance and overall characteristics of the converged straight cylinder solution are substantially different than those of the data, hence the truncated bent cylinder model gives a better overall fit to the data. Second, the data set is comprised of the means of many backscattering cross-section realizations as each animal changes shape and orientation while swimming. In contrast, the model solutions correspond to single realizations for each ka value with shape and angle of incidence held constant. Thus an improvement over this analysis might be to average ensembles of targets spanning a randomized range of shapes and orientations. The results of such averages would likely affect the trend and modal structure of our data set (data concerning the ranges of shapes and orientations were not collected in this experiment, precluding any related analysis).
In conclusion, regardless of the cylinder model providing the best fit to our data, it is clear that the observed trend of reduced TS increasing with ka is not described by simple sphere models. Hence, the elongation of the animals must be taken into account in developing appropriate scattering models. Also, as demonstrated in the next section, the elongation of the animals strongly influences the ping-toping variability of the echoes.
Echo statistics
Because the echo amplitude depends upon the shape and orientation of the animals, repeated pings from the same animal will vary in amplitude from ping-to-ping as the animal swims (even after removing beam pattern effects). These variations can cause substantial error in any analysis if they are not taken into account. Hence we now investigate the statistical fluctuations of the echo amplitude.
In a recent theoretical study, a formulation describing the statistical fluctuations of the echo amplitude from randomly rough cylinders was developed (Stanton, submitted and in preparation). In short, the theory, which originally described the scattering by smooth cylinders (Straight, bent, and spheroidal shaped), was extended to include surface irregularities, or texture of the targets. It is believed that such an extension will provide a more realistic basis for describing the scattering of sound by targets that naturally occur in the ocean. The echo fluctuations were described by the Rice PDF and explicit, closed-form expressions involving the straight finite length cylinder were derived to help facilitate description of the fluctuations. In these explicit expressions, the direction of the incident wave was assumed to be normal to the target, and the theory was based on ensembles of realizations of statistically independent stochastically rough cylinders. This theoretical approach is in contrast to the experiments described in this paper where the echo fluctuations were measured from each animal as it changed both shape and orientation. While the explicit form of the theory does not perfectly describe the experiment (note that the more general form does), its simple form is extremely useful in at least qualitatively describing the fluctuations where both the changes in shape and behavior are both combined into an effectioe stochastic roughness. [Note also that one, in principle, could predict echo fluctuations from a rough sphere model. However, the rough cylinder model is more deskable as it is consistent with the cylinder-like trends of the data described in the previous section as well as having the capability of being used in more general form to directly describe fluctuations induced by changes in orientation (versus indirectly by use of an effective roughness) ].
The low roughness limit of the PDF shape parameter, y, was derived in Stanton (in preparation) as follows: 
where for now/z must be determined empirically from simulations or data.
Equation ( 
IV. IMPLICATIONS FOR FIELD STUDIES
Reliable results in field studies using the multiple-frequency inversion technique require an accurate model of individual scattering as a function of ka. To date, investigators using this technique have based their scattering models on the assumption that zooplankton and micronekton scatter sound like fluid spheres. As discussed in the previous section, this basic assumption is now being questioned (Stanton, 1988 (Stanton, , 1989a (Stanton, , 1989b , this paper). In future field studies, investigators using the multiple-frequency inversion technique will have to determine how robust the results of the method are with respect to deviations from underlying assumptions of the scattering model.
Reliable results in field studies using the dual-beam technique also require an accurate model for converting TS measurements to more conventional measures of animal size. The linear regression relationships presented in Table V provide a first step towards fulfilling this requirement. In using these relationships, ambiguities arise in the conversion of TS data to conventional size data due to ping-to-ping variability and the modal structure of scattering as a function of size. Such ambiguities result in excessive spread in the size distributions estimated by the dual-beam technique. It is therefore necessary to understand the sources of this variability both empirically and theoretically. In field studies, use of target tracking procedures to get replicate estimates of target strength from single animals will be an important means of increasing the precision of TS measurements and reducing this source of variability.
One of the greatest challenges in using acoustics as a remote sensing tool is to remove as many ambiguities as possible. As demonstrated earlier, because of the fluctuations in echo amplitude that arise from the changes in animal shape and orientation, a small organism may produce a stronger echo than a larger organism in a given realization (Figs. 4   and 6 ). In addition, even after the backscatter data are averaged, the modal interference in the backscattering can cause the mean backscattering cross section from a smaller animal to be larger than that from a larger animal (Fig. 5) . By assuming a scattering model that contains the modal interference structure and includes the mean over an ensemble of realizations of animal shapes and orientations, one can invert multiple-frequency sonar data to estimate the size distribution of the animal assemblage. When one uses a singlefrequency system such as the one described in this article, however, one does not have comparable information to indicate where the animal is on the backscattering versus ka curve. Hence the enhanced potential for ambiguities when one uses a single-frequency system. It is conceivable that as few as two frequencies operating in a dual-beam mode could resolve such ambiguities.
Due to the simpler design and operating considerations associated with single-frequency systems, it is important to design a sampling scheme that avoids as many ambiguities as possible. As the modal interference structure and echo statistics pose the greatest problem, those areas must be addressed. When accurate estimates of animal size are important, it is essential to operate the acoustical system in a region where there is the least modal structure and most consistent statistical properties. Certainly, it is attractive to operate at low frequencies (ka ,• 1, long wavelengths) where there is no modal structure and the echo amplitude PDFs are sharp. However, since these features are found in the Rayleigh scattering region, the signal levels would be unaeeeptably low making the approach impractical. At the other extreme, with very high frequencies (ka >> 1 ), the acoustic wave is damped inside and around the target reducing the modal structure. This phenomena is illustrated in the upper ka portion of the data in Fig. 5 . As ka is increased, the vertical spread in data decreases. Thus it is apparent that the operating frequency of a single-frequency system should be high (kaY, 1 ). To further improve the accuracy of the dual-beam technique at these high frequencies, one could sweep the frequency of the system across a relatively narrow band and average the resultant modal oscillations. This approach is being investigated by Zakharia et al. (1989) who is developing a chirp system for application in fisheries acoustics.
Another consideration for work at very high frequencies, is that all echo amplitudes should obey the same statistics (in this case, Rayleigh), allowing one to use the same processing algorithm on all animals. However, because of the great variations present for Rayleigh distributed echoes, many pings must be collected and averaged from the same animal. This requirement poses the greatest practical problem, although a secondary one is the fact that at the higher frequencies, the operating range of the sonar is lower. Since many pings must be collected, the ping rate must be relatively high and the animal must be tracked in order that the postprocessing algorithm "knows" which echoes to average. Depending on the resolution required in the size estimates, at least 10, if not many more echoes, should be averaged per animal in order to accurately size it with a single frequency system. The system would also need to be towed or cast near the animals of interest due to the reduction of operating range at the higher frequencies.
A final source of ambiguity is the possible temperature dependence of TS. Because the density and speed of sound of the animals are so close to that of the surrounding water (each are to within several percent of the corresponding value in water) their values and the resultant TS are potentially very sensitive to variations in temperature. Greenlaw (1977) has shown that for a variation of temperature from 10.5 øC to 19 øC, the speed ofsound contrast, h, of preserved enphausiids changes from about 1.0094 to about 1.028 (values taken from Fig. 3 of his article) , while the density, g, stayed constant at a value of 1.043 (Table I of 
his article).
Assuming the target strength is dominated by the planewave/plane-interface coefficient R = (gh --1 )/(gh + 1 ) at these high frequencies (Stanton, 1989b) , the target strength would increase by about 2.6 dB over this temperature range. This phenomenon would strongly influence the accuracy of both single-and multiple-frequency approaches (for example, an error of 2.6 dB in target strength corresponds to an error of a factor of almost 2 in biomass estimates), although at least relative size frequency distribution is obtainable from the latter system when the temperature is not known. Since there is no parameter to vary in a single-frequency system, the temperature dependence of TS as well as the temperature of the water where the field measurements are made should be determined. We do note that Greenlaw's work involved a limited set of data with preserved animals and there has been no extensive controlled experiments studying the temperature dependence (if any) of the material properties of live organisms. Thus any related concerns at this date are strictly speculative.
Because of the many practical advantages of using a dual-beam system, it is important to choose the optimal sampling scheme that minimizes the disadvantages involved in using just a single frequency. A high enough frequency should be used (ka >> 1 ) to reduce the osci!latory behavior of the modal interference pattern while at the same time creating statistical homogeneity of the echo amplitudes. By using a sufficiently high ping rate and an accurate target-tracking algorithm, the mean TS from individual animals can be estimated with far greater precision than has been done in the past.
V. COHCLUSIOHS
After examining the sound-scattering behavior of a variety of live zooplankton and micronekton, we can draw several conclusions. One of the major conclusions from our experiments is that crustacean zooplankton and micronekton backscatter sound as a function of their volume rather than their cross-sectional area. In addition, the elongate shape of many of these crustaceans can play a major role in determining their sound-scattering properties. For example, the backscatter from such elongate crustaceans appears to be better simulated by cylindrical rather than spherical scattering models. In particular, our work verifies the need for more sophisticated scattering models (e.g., Stanton 1989a, b, submitted) as well as empirical parameterization of such models. While there is convincing evidence in this paper that animals backscatter sound in a manner resembling cylinder models, the predictions based on straight or uniformly bent finite-length cylinder models only approximated the general trends in the data. It is obvious that a more precise shape in the models and much more information on animal morphology and behavior are required to improve upon the accuracy of the model predictions.
As the general behavior of the sound scattering by individual animals becomes better understood, we can improve upon the accuracy of current acoustical techniques for estimating the distribution and abundance of zooplankton and micronekton. New scattering models and improved acoustical techniques, of the types described in this paper, will greatly improve the accuracy of our present-day single-and multiple-frequency systems. While an understanding of the scattering behavior of live animals has increased through our analysis, much additional work needs to be performed. Sound scattering depends intimately upon the morphology of the animal as well as its size, shape, and orientation. To date, these properties are at best known qualitatively, resulting in speculative values for some of the parameters used in scattering models. More quantitative measurements of these properties must be developed and made in concert with future acoustical measurements to advance our understanding of sound scattering in the ocean.
